Study on synthesis of medium pore zeolites and their acid catalytic properties by 稲垣 怜史
Chapter III 
Synthesis of MCM-41-type mesoporous materials using filtrate of alkaline 
dissolution of ZSM-5 zeolite 
 
3.1. Introduction 
 Since Kresge et al. [1] and Yanagisawa et al. [2] firstly reported the synthesis of ordered 
mesoporous silica materials by using a cetyltrimethylammonium-type surfactant as template, 
synthesis and characterization of various types of mesoporous silica materials such as cubic (Pm3n) 
[3] hexagonal (p6) [1-2] and cubic (Ia3d) [4], and mesoporous metallosilicates containing Al [5-9], 
Ti [10, 11], Cr [10] and V [10, 12] have widely been investigated, and the application of mesoporous 
materials to catalyst supports or catalysts has also been reported [13].  Al-containing mesoporous 
materials, which have so far been synthesized, mostly possess acidity as weak as amorphous 
silica-alumina [13].  Various attempts have been dedicated to create acid sites on mesoporous 
materials; for instance, incorporation of sulfonic acid groups on the wall of mesoporous materials has 
recently been studied to produce stronger acidic sites in the silica mesoporous structure [14].  On 
the other hand, it is expected that mesoporous materials, of which the zeolitic nature deduced by Al 
atoms incorporated to the wall, can be used as catalysts for the reactions requiring a strong acidity 
such as catalytic cracking of hydrocarbons. 
USY zeolite overgrown with a thin layer of MCM-41 was synthesized by van Bekkum and 
co-workers [15].  Simultaneous synthesis of a mixed product of zeolite and mesoporous material 
has been reported by using a mixed template of tetraalkylammonium cation for zeolite and a 
surfactant for a mesoporous structure [16-18].  Several research groups have attempted to use tiny 
zeolite precursors or secondary building units (SBU) of zeolite as the starting material for synthesis 
of mesostructured cellular foams (MCF) containing Al [19, 20], Al-MCM-41 [22, 23, 25] or 
Al-SBA-15 [21, 24].  Recently, Pinnavaia and co-workers controlled the crystallization of FAU 
[19], *BEA [20] or ZSM-5 [20] in order to obtain zeolite nanoclusters which were successively 
transformed into mesoporous materials, designated as MSU-S.  The MSU-S showed high thermal 
stability and higher catalytic activity for cumene cracking than Al-MCM-41.  Zhang et al. [23] 
successfully organized a mesoporous aluminosilicate by using *BEA precursor and the mesoporous 
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product showed a thermal stability even at 800ºC. 
On the other hand, the transformation of the amorphous wall of mesoporous materials into 
zeolite-crystalline wall was also attempted [26, 27].  Verhoef et al. [27] suggested that the mesopore 
wall of Al-MCM-41, which was treated with a solution of tetrapropylammonium (TPA) cations, was 
transformed into ZSM-5 crystallites with about 3 nm in length. 
It became obvious that narrow and shallow crevices on the surface of ZSM-5 crystal were 
formed, when ZSM-5 zeolite was treated with 0.05M NaOH aqueous solution at 65ºC [28], and 
speculated that aluminosilicate species should be extracted from the ZSM-5 crystal during this 
treatment.  By aging the filtrate of the alkaline treatment at 65ºC for 5 h, the solid containing tiny 
ZSM-5 crystallites was precipitated [29].  In contrast, when the mixture of tetraethylorthosilicate 
(TEOS) and Al(NO3)3 was aged in an aqueous solution of NaOH under the same synthetic 
conditions, no zeolites were crystallized [29].  The alkaline treatment causes the dissolution of the 
unit cell of ZSM-5 into filtrate and the disordered species are transformed to ZSM-5 during aging. 
In this chapter, such aluminosilicate species were transformed into mesoporous materials 
with strong Brönsted acidity originated from ZSM-5 zeolite.  The mesoporous materials were 
synthesized by using a continuous-flow reactor, which can be carry out successively two processes 
as follows; the first one is an alkaline dissolution of ZSM-5 and the next one is the formation of 
mesoporous materials. The Brönsted acidity of the mesoporous materials was evaluated by the 
catalytic activity for cumene cracking at 250ºC. 
 
3.2. Experimental 
3.2.1. Zeolite and reagents 
ZSM-5 zeolite (SiO2/Al2O3=39.4, Tosoh Corp.) was used as silica and alumina sources for 
synthesizing mesoporous materials.  The reagents used were as follows: NaOH (Kanto Chem., 
>99%, pellet), cetyltrimethylammonium bromide (CTMABr, Merck, >99%), ammonia aqueous 
solution (Kanto Chem., 29%), HCl aqueous solution (Kanto Chem., 36%), tetraethylorthosilicate 




3.2.2. Synthesis of mesoporous material from filtrate of alkaline dissolution of ZSM-5 zeolite 
 First, alkaline dissolution of ZSM-5 zeolite was carried out according to the procedure as 
follows: Typically 3 g of ZSM-5 zeolite powder was treated in 150 ml of 0.2 M NaOH aqueous 
solution at 80ºC for 5 h, followed by the filtration with a membrane filter (average pore diameter = 
0.8 µm, Millipore) made of cellulose-mixed ester.  After 2.13 g of CTMABr was added to the 
filtrate, the resultant mixture was stirred at 20ºC for 12 h in order to precipitate silica-alumina 
compounds.  The precipitated solid product was recovered by the filtration with a membrane filter 
(average pore diameter = 0.2 µm, Millipore) and dried at room temperature for several hours and 
then at 100ºC for another several hours.  The product designated as sample A.  Post-treatment of 
the resultant product was carried out with 30% ammonia aqueous solution at room temperature for 
12 h.  To compare the quality of the product, MCM-41 mesoporous material containing Al, 
designated as Al-MCM-41, was separately prepared using TEOS and AIP under the same conditions 
of sodium content, pH, period and temperature as the synthetic conditions of sample A. 
 
3.2.3. Synthesis of mesoporous material by using a continuous-flow reactor 
 A continuous-flow reactor carrying out extraction of aluminosilicate species from ZSM-5 
and successive condensation into a mesoporous material was set up.  A schematic diagram of the 
continuous-flow reactor is shown in Figure 3.1: Typically 8 g of ZSM-5 zeolite powder was packed 
in a column (volume of a column: 13.6 cm3) with an appropriate amount of quartz wool to prevent 
ZSM-5 particles from flowing out from the column, and held at 80ºC by using a ribbon-heater.  A 
0.2 M NaOH aqueous solution was fed to the column at the flow rate of 19.1 cm3 h-1 to dissolve 
ZSM-5 zeolite.  Successively, the effluent was mixed with 0.025 M CTMABr aqueous solution at 
the flow rate of 23.8 cm3 h-1.  The effluent was collected in a polypropylene beaker after flowing 
through Teflon® tube at room temperature.  The pH value of the collected suspension was 
controlled by the addition of some droplets of diluted HCl aqueous solution.  After adjusting pH 
value, the suspension was aged in a water bath at 80ºC for 24 h.  The solid products were recovered 
by filtration with a membrane filter (average pore diameter = 0.2 µm, Millipore).  The product 




The as-made product and sample after ammonia treatment were characterized by using 
X-ray diffractometer (XRD, Rigaku, RINT2000) with a heating unit temperature controller under  
experimental conditions as follows; temperature, from room temperature to 800ºC; ramping rate, 5ºC 
min-1; air flow rate, 100 cm3 (S.T.P.) min-1.  Solid products were calcined in an electric furnace at 
540ºC for 3 h to remove the surfactant occluded.  The calcined products were characterized by 
using field-emission scanning electron microscopy (FE-SEM, Hitachi, S-4500S), transmission 
electron microscopy (TEM, JEOL, JEM-2010), inductively coupled-plasma spectrometry (ICP, 
Rigaku, CIROS-120), nitrogen adsorption (BEL JAPAN Inc., BELSORP 28SA) and Fourier-transfer 
infra-red spectrometer (FT-IR, JASCO, FT-610). 
Calcined products were treated in 1.0 M NH4NO3 aqueous solution at 80ºC for 1 h twice 
and then calcined in an electric furnace at 540ºC for 12 h to desorb NH3.  The samples with 
H+-form were characterized by ammonia temperature-programmed desorption (NH3-TPD, BEL 
JAPAN Inc., AT-1).  The catalytic activity of the product was evaluated by using cumene cracking 
at 250ºC in a pulse reactor.  An appropriate amount of catalyst was packed into the reactor and 
preheated at 350ºC for 1 h in a stream of helium (30 cm3 min-1).  After reducing the temperature to 
250ºC, 1.0 or 5.0 µl of cumene was pulsed to the catalyst-bed in a stream of helium (30 cm3 min-1).  
The products of cracking were separated by using a packed column with OV-1 (GL Science) and 
detected by using GC-8A (Shimadzu) with a thermal conductivity detector. 
 
3.3. Results and discussion 
3.3.1. Synthesis of mesoporous materials by using the filtrate of alkaline dissolution of ZSM-5 
 The crystal structure and morphology of sample A synthesized by using the filtrate of 
alkaline dissolution of ZSM-5 was characterized by using XRD and FE-SEM.  As shown in Figure 
3.2a, sample A showed no diffractions in the 2θ regions of 8~10 degrees originated from MFI-type 
framework structure.  Figure 3.3 shows typical SEM images of as-received ZSM-5 and sample A.  
As far as sample A was carefully observed by using FE-SEM, parent ZSM-5 could not find out in 
sample A.  These results indicate that sample A hardly contains raw ZSM-5 particles. 
The XRD pattern for sample A indicates formation of the mesoporous material with a 
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poorly ordered 2D hexagonal structure, so-called wormhole-like structure, as confirmed by Figure 
3.2a.  In contrast, in sample A calcined at 540ºC, all the reflection peaks originated from the 
mesoporous structure completely disappeared, as shown in Figure 3.2b, meaning that the ordered 
mesoporous structure in sample A was lost by calcination.  It is inferred that the collapse of the 
ordered mesoporous structure by calcination is due to many defect sites existing in this material 
synthesized under highly alkaline conditions at pH = 12.  In order to promote condensation 
between silanols in sample A, as-made sample A was treated in an ammonia aqueous solution at 
room temperature for 12 h.  As shown in Figure 3.2c and d, the mesoporous structure was held in 
the course of the ammonia treatment and successive calcination, named as sample A-NH3 and 
sample A-NH3-cal, respectively.  In addition, the mesoporous structure of sample A-NH3-cal was 
stable under the thermal treatment at 800ºC (Figure 3.2e).  As listed in Table 3.1, whereas the d 
spacing values of sample A-NH3 were almost the same as those of as-made sample A, sample 
A-NH3-cal showed the lower d spacing values than sample A-NH3.  The existence of the mesopore 
in sample A-NH3-cal was supported by the fact that a steep increase occurred in the adsorption 
branch at the relative pressure from 0.2 to 0.4, as demonstrated in a nitrogen adsorption-desorption 
isotherm at -196ºC (Figure 3.4). 
These results indicate that the mesoporous material is successfully synthesized by using the 
filtrate of alkaline dissolution of ZSM-5 zeolite.  The ammonia treatment of as-made sample A 
under the conditions of pH = 9 can preserve the ordered mesoporous structure of sample A from the 
collapse by calcination, so that the slurry to form a mesoporous material requires a lower alkalinity 
than the concentrated alkaline solution to dissolve ZSM-5.  Moreover, it is easily expected that 
soluble aluminosilicate species having fragments of the unit cell of ZSM-5 zeolite might be 
collapsed in prolonged and highly alkaline treatment.  To avoid the collapse of such fragments by 
highly alkaline treatment, a continuous-flow reactor, illustrated in Figure 3.1, was set up to compose 
the overall synthesis in two successive processes; the first one is alkaline dissolution of ZSM-5, and 
the next one is condensation to form mesoporous material by using the slurry obtained from the first 
step.  In this reactor, soluble aluminosilicate species will be extracted from ZSM-5 with a highly 
alkaline solution in the first column, and are immediately mixed with a CTMABr aqueous solution at 
the outlet of the column. 
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 By using the continuous-flow reactor, the slurry obtained from alkaline dissolution of 
ZSM-5 was mixed with a CTMABr aqueous solution.  In aging conditions, pH = 9 was suitable to 
produce a mesoporous material having thermal stability, as shown in Figure 3.5f, in comparison 
with aging under higher pH conditions, such as pH = 10 or 11.  Calcination of as-made products 
caused an decrease of the intensities of XRD peaks of samples aged at highly alkaline conditions, 
particularly at pH value of 10 or 11 (Figure 3.5d and e), while an increase of pH value under aging 
conditions led to sharper XRD peaks for as-made products (Figure 3.5a, b and c).  Hereafter, the 
mesoporous material synthesized by using a continuous-flow reactor and aged at pH = 9, designated 
as sample B, will be characterized. 
 Similarly to the case of sample A, parent ZSM-5 could not find out in as-made sample B, 
by the careful observation by using FE-SEM.  The TEM images for sample B calcined at 540ºC, 
named as sample B-cal, showed 2D hexagonal mesoporous structure (Figure 3.6a and b).  As 
listed in Table 3.1, the d-spacing value of sample B-cal (d100 = 3.39 nm) decreased comparing with 
that of as-made sample B (d100 = 3.80 nm), the value was similar to the one (about 3.6 nm) calculated 
from the TEM images for sample B-cal (a high magnification view on Figure 3.6b). 
Figure 3.7 shows a nitrogen adsorption-desorption isotherm at -196ºC for sample B-cal.  
The average mesopore diameter was determined by use of the Dollimore-Heal (DH) method [30] to 
be about 2.2 nm on the basis of a steep increase in the adsorption branch in the relative pressure 
range from 0.2 to 0.4.  As shown in Table 3.1, thickness of the mesoporous wall was estimated at 





100 Lpw ddd −×= 
 
where dw means the thickness of the mesopore wall, d100 means d-spacing value determined by an 
XRD peak at (100) reflection and dp means the diameter of a mesopore. 
 
3.3.2. Catalytic activities of mesoporous materials possessing strong Brönsted acidity 
 The catalytic activity of MCM-41-type mesoporous material synthesized from the filtrate 
of alkaline dissolution of ZSM-5 zeolite was evaluated by cumene cracking in a pulse reactor, and 
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compared with that of Al-MCM-41 synthesized by using TEOS and AIP.  The results are listed in 
Table 3.2.  In the case of Al-MCM-41 with H+ form, of which SiO2/Al2O3 molar ratio is 69, 
benzene could not be detected by TCD.  In contrast, sample A-NH3-cal and sample B-cal with H+ 
form produced benzene in cumene cracking at 250ºC, in particular sample B showed 2.8% yield of 
benzene, although these samples possess more than 1000 of SiO2/Al2O3 ratios.  It is inferred that 
the sample A and B contain Brönsted acidity originated from ZSM-5 zeolite.  On the other hand, 
such a strong acidity in the mesoporous material could not be detected by NH3-TPD, as shown in 
Figure 3.8, because there are a small amount of such a strong acid sites in the mesoporous material 
in comparison with the weak acid sites.  In addition, the sample B showed a much lower catalytic 
activity in cumene cracking than ZSM-5 zeolite. 
 It is inferred that fragments of the unit cell of ZSM-5 zeolite was occluded in the 
mesoporous material, as demonstrated by an FT-IR spectrum (Figure 3.9a) giving an absorbing 
band at 550 cm-1 corresponding to asymmetric stretching mode of 5-membered ring (5MR) in the 
zeolite framework [31], which clearly observed in an FT-IR spectrum for parent ZSM-5 (Figure 
3.9b). 
 
3.3.3. Mechanism for formation of mesoporous materials possessing strong Brönsted acidity 
 Figure 3.10 shows the schematic diagram of formation of the mesoporous material using 
the filtrate of alkaline dissolution of ZSM-5 zeolite.  The filtrate obtained from the alkaline 
dissolution of ZSM-5 contains soluble aluminosilicate species having fragments of the unit cell of 
ZSM-5 zeolite as well as monomeric aluminate and silicate species.   As the thickness of the pore 
wall of sample B-cal is close to 1.7 nm (Table 3.1), it is deduced that most of the soluble 
aluminosilicate species could have diameters close to around 1 nm.  The filtrate may contain the 
unit cell of ZSM-5 (2.01 x 1.97 x 1.31 nm3) or larger aluminosilicate species, and when they 
occlude in the mesoporous material, the disordered mesoporous structure will be formed or the 
mesopore will be obstructed.  It is, however, conjectured that there are a small amount of such 
species in the filtrate, because of dissolution of ZSM-5 under high temperature and alkalinity. 
 As shown in an FT-IR spectrum for sample B (Figure 3.8a), the mesoporous material with 
such aluminosilicate species having fragments of the unit cell of ZSM-5 zeolite would show a 
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catalytic activity for cumene cracking at 250ºC, whereas conventional Al-MCM-41 having Brönsted 
acidity as weak as amorphous SiO2-Al2O3 indicate no activity in all the same reaction conditions.  
Because the aluminosilicates having fragments of the unit cell of ZSM-5 zeolite demonstrate 
Brönsted acidity originated from ZSM-5 zeolite.  Thus, it is considered that mesoporous material 
having Brönsted acidity originated from ZSM-5 zeolite can be synthesized by using the filtrate of 
alkaline dissolution of ZSM-5 zeolite. 
Sample B showed higher catalytic activity in cumene cracking at 150ºC than sample A.  It 
is expected that sample B contained a large amount of aluminosilicate species having fragments of 
the unit cell of ZSM-5 than sample A, because such soluble aluminosilicate species in the slurry 
obtained after the alkaline dissolution of ZSM-5 mixed with CTMABr aqueous solution and 
condensated quickly in the flow reactor. 
 
3.4. Conclusions 
The filtrate of alkaline dissolution of ZSM-5 zeolite, which contains the soluble 
aluminosilicate species having fragments of the unit cell of ZSM-5 zeolite was used for synthesis of 
an MCM-41-type mesoporous material.  Although as-made sample A synthesized under highly 
alkaline conditions had low thermal stability, sample A after ammonia treatment showed thermal 
stability at 800ºC.  These results indicate that synthesis of mesoporous materials with high thermal 
stability requires controlling each alkalinity of the slurries in two processes as follows; (1) alkaline 
dissolution of ZSM-5 zeolite; (2) aging of the mixture of CTMABr aqueous solution and the filtrate 
of alkaline dissolution of ZSM-5.  The mesoporous material obtained in the continuous-flow 
reactor, which efficiently and successively improved alkalinity of slurries, possessed strong Brönsted 
acid sites, which catalyzed cumene cracking at 250ºC.  It is supposed that such Brönsted acidity is 
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